Indicator-dilution curves were recorded by oximiieters at tlme ears anld the right radial artery following the injection of Evans blue (T 1824) into the superior vena cava and pulmonary arteries of 37 subjects who had no evidence of cardiovascular disease. The variability and ranges of various time and concentration components of these dilution curves are presented. These values can be used as standards of reference in the interpretation of abnormal dilution curves. Some of the factors responsible for the variability of these values in healthy subjects are assessed and discussed.
Indicator-dilution curves were recorded by oximiieters at tlme ears anld the right radial artery following the injection of Evans blue (T 1824) into the superior vena cava and pulmonary arteries of 37 subjects who had no evidence of cardiovascular disease. The variability and ranges of various time and concentration components of these dilution curves are presented. These values can be used as standards of reference in the interpretation of abnormal dilution curves. Some of the factors responsible for the variability of these values in healthy subjects are assessed and discussed.
T HE RECORDING of concentration-time curves at a peripheral arterial site following injection of an indicator into the heart and great vessels provides a valuable tool for the study of normal and abnormal circulation. Its increasing use in diagnostic and research laboratories attests to its efficacy. When this technic is used, it is desirable to have a normal standard of reference with which the values obtained from individual subjects can be compared. The present cominunication reports the values and the variability of various time and concentration coinponents derived from indicator-dilution curves recorded during catheterization of the right side of the heart in a series of healthy human 1)ei Imgs.
METHODS AND SUBJECTS
The right side of the heart was catheterized by the methods previously described,"'2with the subjects resting in the supine position. They had a light meal prior to the study and were given as premedication 30 lug. of codeine sulfate and 100 ing. of secobarbital sodium at the beginning of the procedure. Evans blue (T 1824) *5 was used as the indicator. Ten milligrams of the dye in 2 iml. of solution was injected into the superior vena eava, main pulmonary artery, right pulmonary artery, or left pulmonary artery. The subjects The Mayo Foundation, Rochester, Minnesota, is a part of the Graduate School of the University of Yinnesota.
were breathing 100 per cent oxygen during the recording of the dilution curves, in order to avoid interference due to fluctuations in the oxygen saturation of arterial blood.
Dye-dilution curves were recorded photographically by means of ear oximneters placed on one or both ears and a euvet oximueter connected to a, 20-gage needle in the right radial artery. The sensitivity of the system was such that dye concentrations of 1 ing. per liter gave a deflection of 0.4 to 0.7 cmn. for the radial artery curves and 0.2 to 0.8 em. for the ear oximeter curves. Time components of the curves recorded by the euvet oximneter were corrected for the volume of the instrument between the tip of the arterial needle and the middle of the detecting photocell. The time taken for dyed blood to travel from the needle tip in the artery to the detecting element was calculated fromm the volume of this "dead space" and the flow rate of blood withdrawn through the cuvet s stem. This time correction was then subtracted from the appropriate time components of the dilution curve. The dead space and physical dimensions of the oxiineters were specified in a recent comamunication.3 Each milliliter of flow through the oximieter was signaled omI the photographic record. The flow rates averaged approximately 23 il. per minute. The cardiac output was estimated by the Fick imiethod in 24 subjects while they were breathing 100 per cent oxygen. The average interval between this procedure and the recording of dyedilution curves after injection into the main pulmonary artery was 7.6 minutes, with a range of 1 to 23 minutes. This interval exceeded 12 minutes in 4 subjects.
TIME AND CONCENTRATION COMPONENTS
The concentration and time components of the dilution curves that are the subject matter of this presentation are illustrated in figure 1. Cardiac output, central blood volume, and mean transit time were calculated from the radial artery curves by the Stewart-Hamilton method. 4 In addition the portion of the central blood volume related to the curve proper was calculated from the ratio of the amount of dye injected in milligrams (I) to the peak concentration in milligrams per liter (Cp) as described by Keys and co-workers.5 This calculation was made only for the curves recorded following injection into the main pulmonary artery. Except for the ratio of least concentration to recirculation concentration obtained from deflections in centimeters, values for concentration comiponents were not measured from the earpiece curves owing to the difficulty of establishing an accurate quantitative relationship between deflection and blood-dye concentration for this instrumnent. 6' 7 A group of 37 subjects was studied. It consisted of 17 patients referred to the laboratory to exclude a cardiac lesion as a diagnostic possibility, and 20 healthy physicians. All For reasons that will be evident fromn the results, subjects were divided into subgroups of 23 adult itiales, 7 adult females, and 7 teen-age subjects (2 females and 5 males). The average ages were 31 (range 26 to 41), 34 (range 22 to 47), and 16 (range 14 to 19) years respectively for the 3 subgroups.
In order to assess the variability of the comlponents of the dye-dilution curves that may occur during the course of the procedure, a to 11 consecutive curves recorded in 6 additional resting normal subjects after injection of indicator into the same site (main pulmonary artery or superior vena cava) were analyzed. The interval from the first to the last injection varied from 24 to 60 minutes in these subjects. Table 1 shows the mean and standard deviation of various time components of the curves recorded at the radial artery following injection into the superior vena cava or pulmonary arteries in 37 subjects who constituted the time.
RESULTS
The p values for all these differences were less than 0.01. Considerable variability of the time components following injection at any one site is also evident in table 1 . An attempt was made to relate this variability to differences ill cardiac output, blood volume, and body size encountered in these subjects. Figure 2 shows the relationship of the appearance time, build-up time, and recirculation time from the curyes recorded at the radial artery after injection into the main pulmonary artery to the cardiac output as estimated by the Fick method, the part of the central blood volume related to the curve proper (I/CG), and the surface area. Thie appearance time increased with the blood volume (I/Cp) and the surface area, but showed no correlation with cardiac output. Build-up concentration and the disappearance slope were significantly smaller in the curves obtained after injection into the superior vena cava than after injection into the main pulmonary artery. On the other hand, paired comparisons of cardiac index calculated from the dye curves from various sites did not show ally systematic differences. The differences in the various components shown ill table 2 among the 3 subgroups of subjects did not attain statistical significance, except for the difference in the disappearance slope of the curves recorded after injections into the superior vena cava in the male subgroup as compared with the female subgroup, which might be related, at least in part, to the higher mean (ardiac index in the latter subgroup.
The values for various time components anad the ratio of the least concentration to the recirculation concentration for the curves re- figure 3 , the difference between the appearanice times of the curves recorded at the radial artery and at the ear increased with the absolute value of the appearance time.
Comparison of the timne components recorded at the right and left ears showed no systematic differences. The mean differences did not exceed 0.1 second.
The variability, with time, of repeated determinations of appearance time, build-up time and recirculation time of the dye-dilution curves recorded at the left ear and right radial artery following successive injections into the same site in 6 subjects is illustrated in figure 4 . Ini some subjects these comuponents showed no systematic change with time while in others there was some progressive prolongation or shortening during the period of observation. however, the appearance time and build-up time remained relatively stable and usually did miot vary by) mnore thai 2 secoldIs. whereas the recireulatiotn time frequently showed wider variation. 3 . Relationship of the difference between the appearance times from curves recorded at the right radial artery and the left ear to the actual value for the appearance time at the radial artery. Data obtained from curves recorded after the injection into the main pulmonary artery of healthy persons. Note the rather close positive correlation between the fastest circulation time from the pulmonary to the radial artery (i.e., the appearance time) and the difference between the fastest circulation times to the ear and the radial artery at the wrist. The symbols are the same as those used in figure 2. 2 seconds between any two curves may not be significant. Care must be exercised in comparing time components of curves recorded at longer time intervals, such as 30 or 40 minutes, in view of the tendency exhibited by some subjects to progressive prolongation or shortening of the time components with time.
DISCUSSION
Assessment of interindividual variation reveals lack of definite correlation of the appearance time with cardiac output, but good correlation with surface area and blood volume (I/Cp). Direct comparison with the "central blood volume" was not carried out because the values for appearance time and also buildup time are included in the calculation of "central blood volume." The blood volume (I/Cp) that was correlated with the time com- ponents is calculated independently of any measurement of time components of the dilution curve and is a measure of the dispersion of the injected indicator during its passage from the injection site to the sampling site.5 Dispersion of the indicator in turn is thought to be dependent in part upon the volume of blood between the injection site and the sam- pling site. Good correlation of appearance tine with blood volume (I/Cp) and surface area, which is in turn correlated with total blood volume of the subject, suggests strongly that a large part of the interindividual variability for appearance time is due to the differences in central blood volume.
A good negative correlation of build-up time and recirculation time with cardiac output is probably due to the lesser dispersion of the indicator in subjects with high rates of flow. Furthermore, in subjects with the same total blood volume an inverse relationship between cardiac output and the time required for dyed blood to make a complete circuit of the vascular system (systemic recirculation time) would be expected. Positive correlation of build-up time with surface area could be explained again by greater dispersion of the indicator in subjects with greater blood volume, as indicated by greater surface area. Lack of correlation of build-up time and recirculation time with blood volume (I/Cp) is difficult to explain. Metabolic rate and heart rate are known to be related to the velocity of the circulation,13 and undoubtedly several unexplored parameters of the circulation and body size in addition to those that have been discussed enter into the determination of interindividual variability. Because of the good correlation of appearance time and build-up time with surface area and a trend in that direction in the case of recirculation time, the expression of various circulation times as circ'ulation "indexes " in seconds per square meter may allow a more valid comparison of the time components of the indicator-dilution curves in various patients.
All the time components in the adult males were longer than those in the adult females and the teen-age subgroup (mainly male).
Blumgart and Weiss9 previouisly 'reported short circulation times in teen-age subjects, and Dees and co-workers' found shorter circulation times in females than in "males.
However, the body size of our male subgiroup vas significantly" reater than in the other 2 subgroups, which probably accounts, at least in part, for'th longer time components in 'thie adult males. 0Correction for hody size by dividing the appearance time, build-up timne aild recirculation time by the surface area did not abolish significant differences in the appearance time and recirculation time between the male subgroup and the other 2 subgroups. This means either that factors other than differences in body size are responsible for part of the observed difference or that the correction for body size on the basis of surface area was not complete. Dees and co-workers"t found, further, that the time components were longer in the subjects more than 40 years of age. Only a few subjects were in this older group in the present study. However, no systematic difference could be demonstrated between males more than 30 years of age and those less than 30 years of age. and build-up times and wider variations of the Although considerable variability of various components of indicator-dilution curves exists in normal subjects, gross changes occur in conditions such as congestive heart failure, thyrotoxicosis, and others,l3, 14 and result in components outside the range encountered in normal man. Deviations from normal are particularly evident and of practical importance in patients with congenital heart defects or valvular heart disease. 15 Values that exceed 2 times the standard deviation from the mean as set forth in the present study should be considered abnormal.
A special consideration has been given to the ratio of the least concentration to the re-(irculation concentration of the curves re- corded at the radial artery, since it has been shown to be increased in patients with predominant valvular regurgitation16 and in those with left-to-right shunt.7 All the values recorded ill the present group of normal subjects were less than 0.60 for the curves recorded after injection into the pulmonary artery and less than 0.85 after injection into the superior vena cava. The finding of larger values should therefore arouse suspicion that one of these lesions exists. Curves recorded by ear oxiiiieters appear to be lea;s reliable for this purpose.16 SUMMARY Indicator-dilution curves were recorded by oximeters at the radial artery and at the ears, following injection of Evans blue (T-1824) into the superior vena cava and the pulmonary arteries of 37 subjects who had no evidence of cardiovascular disease.
The variability and range of various components of these curves are reported. Curves recorded following injection into the superior vena cava showed significantly longer time components, other than the recirculation time and the least concentration time, than the curves recorded following injection into the main pulmonary artery. Also, the "central blood volume," the least concentration, and the ratio of the least concentration to the recirculation concentration were larger, whereas the peak concentration and the disappearance slope were smaller in the curves recorded after injection into the superior vena cava. The values for cardiac output calculated from the curves following injection into the superior vena cava showed no systematic difference from those following injection into the pulmonary arteries.
The appearance time was significantly shorter in the curves recorded at the ears than in the curves recorded at the radial artery, whereas other time components showed no systematic difference. The time components of the curves recorded at the right and left ears were practically identical.
The appearance time and the build-up time remained relatively stable when injection of the indicator into the same site ill the same subject was repeated several times over a period of 30 to 60 minutes, whereas the reeireulation time showed wider variations.
Significantly longer time components of the curves recorded in the adult males as coinpared to the adult females and teen-age subjects are thought to be related chiefly to the larger body size of the adult males.
Rather large interindividual variability of various components of indicator-dilution curves recorded in normal subjects could be accounted for in large part by the differences in body size, blood volume, and cardiac out- 
